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Abstract 
 
In an attempt to better understand the behavior of gas emboli, a bench top vascular bifurcation 
model was designed and manufactured. The model represented physiological parameters of 
arteries and arterioles, resulting in an accurate portrayal of likely bubble behavior in the body. To 
further achieve realistic properties, a 60% glycerin-water solution was prepared to match 
relevant physiological Reynolds and Capillary numbers. By investigating various flow rates, roll 
angles, and bubble geometries, the findings indicate that all of these factors influence the emboli 
transport. 
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Introduction 
 
An air embolism is the result of air bubbles forming in the vasculature and causing 
ischemia to tissues, resulting in brain damage or death. This is due to these microbubbles 
sticking in the microcirculation and blocking blood flow. Air emboli have also been studied due 
to decompression sickness, which is a significant concern for deep sea divers. The air emboli can 
be classified as either arterial or venous. Venous emboli occur when air enters the systemic 
circulation and is transported to the lung via the pulmonary artery. This can cause pulmonary 
hypertension, or the emboli can travel to the heart and lead to cardiac failure. Arterial gas emboli 
can result from the over expansion of the lungs due to decompression barotraumas or cardiac 
bypass surgery. The air enters pulmonary veins or the systemic circulation and can travel 
virtually anywhere throughout the body and occlude arteries. These bubbles can cause blockage 
in cerebral or cardiac vessels and cause life threatening problems. Our study will investigate the 
transport of arterial gas emboli, specifically in the microvasculature. The study will investigate 
the role of flow rate, gravity and bubble geometry in bubble dynamics. There are many 
unknowns in the area of gas emboli, however, transport is an important element in order to 
develop prevention and treatment for potentially dangerous bubbles in the body. Background 
research will focus on three main areas of bubble dynamics: formation, detachment, and 
behavior in the bloodstream.   
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Gas Emboli Background 
Bubble Formation 
  
Bubble formation is a complex phenomenon to study, and the majority of studies 
incorporate mathematical models to support any observations made in experiments. There is a 
certain dissolved gas concentration within the body fluids that can increase when a diver (or any 
other mammal) is at a depth for an extended period of time. The sea level concentration can be 
considered 100 percent, and Houser et al. (1) used dive profiles of dolphins, whales, and some 
simple gas diffusion laws to compute an “intramuscular nitrogen tension,” which approached 
300 percent saturation. Although this is a simple calculation and its references are marine 
mammals, it is an indicator that there is a significant amount of gas dissolved in mammal’s 
bodies which can be affected by changes in pressure. It is theorized that pressure changes 
activate nucleation sites. These nucleation sites can be either imperfections in the blood vessel 
wall or any such pre existing bubble whose size is small enough to prevent collapsing under 
gravity. Bubbles formed at the surface of a container, rather than in the bulk of the solution, are 
said to be nucleated heterogeneously. This type of bubble forms easier than homogeneously 
formed bubbles. This degree of “ease” is determined by the contact angle of the 
gas/solution/solid surface, and the geometry of the nucleation site. For our experiment, we will 
simply focus on transport. In order to re-create a nucleation site, a vacuum would be needed to 
accurately control the pressure changes at the nucleation site. The difficulty in physically 
modeling the nucleation sites is that their actual shape is unknown; furthermore, introducing and 
controlling a bubble at a nucleation site is extremely difficult. 
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Researchers Chappell and Payne (2) have done extensive mathematical modeling of the 
formation of air emboli at these nucleation sites and their consequent detachment. As shown in 
other works { (3) (4) }, bubbles are believed to be able to exist in the vasculature, namely in 
crevices. In animal experiments, gas plugs have been observed in the arterial and venous 
circulation. These emboli form from micro-bubbles or nuclei that can withstand the initial 
pressures of a dive.  The following ascent or decompression may give rise to these bubbles. This 
involves the stabilization of small spherical gas bubbles by a layer of surface-active materials. 
This surface active layer prevents the bubble from shrinking any further. For a bubble to remain 
stable under pressure, the surface tension term needs to be negative, meaning the radius has to be 
negative. For a spherical bubble this is impossible; however, a crevice bubble will have its radius 
lie outside of the gaseous region, giving it a negative radius, this is illustrated in Figure 1. Such a 
bubble would be expected to grow under decompression until it was swept away by the blood 
movement.   
 
Figure 1: Curvature of the gas–liquid interface of a crevice bubble (2) 
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  A mathematical model was derived for the growth of a bubble in a spherically symmetric 
crevice, such as in Figure 1. A conical crevice was used for simplicity; as is shown in Figure 2. It 
had been previously concluded that crevices for these bubbles should have a small half angle 
(Φ), of less than 5 degrees, and so a value of 2 degrees was chosen. Nitrogen was used as the gas 
because it is the most common inert gas found in breathing air. This study also ignores the 
diffusion of gas through the gas-blood interface and therefore deals only with diffusion through 
the crevice wall. This is a reasonable assumption as the gas-blood interface has a surface area 
significantly smaller than that of the tissue wall. This diffusion will also depend on complex 
pressure gradients; therefore it is much easier to ignore them for this mathematical model. The 
model shows the evolution of bubbles under different values of advancing contact angles (θ). 
There were three different results of the mathematical simulation; the bubble length (d) does not 
change, the bubble shrinks, or the bubble collapses. 
 
 
Figure 2: Conical Crevice Model (2) 
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 Initially the interface angle increases as the bubble interface becomes concave into the 
crevice. After 109 seconds, the advancing contact angle is reached and the bubble length 
decreases: the blood advances into the crevice. The bubble stabilizes at 0.8µm once the diffusion 
of gas into the bubble from the tissue into the bubble is sufficient to prevent further reduction in 
bubble volume.  If the surface tension is smaller the crevice bubble has less ability to support 
compression and hence a larger advancing contact angle is necessary. This is consistent with the 
Laplace Equation which suggests the smaller the surface tension, the smaller the pressure 
difference between the bubble and ambient pressures that can be supported by the curvature of 
the interface.  
 The model considers a crevice bubble connected via the crevice surface area to a 
reservoir of dissolved gas in a tissue. This type of simulation models a theory rather than actual 
physiological parameters, which may yield conclusions of relative bubble dynamics but cannot 
conclude anything useful about crevices or bubbles in the body. The crevice must be 
hydrophobic, so it can support contact angles above 90°. It is necessary for the range of contact 
angles to include θ=90°. For the formation of nuclei in water, it is assumed that hydrophobic 
impurities congregate at the bottom of crevices, and it has been discovered that hydrophobic sites 
exist on the surface of the endothelium in the form of caveolae. This model supports the theory 
suggesting that bubbles that are present in imperfections or crevices in the blood vessel walls can 
resist the pressure changes that a diver may experience (1 bar to 4 bar for this particular 
experiment: comparable to a dive to 100 feet). Although this is a simple model, and cannot be 
directly applied until the geometries and locations of such crevices are identified, it does explain 
and prove a possible site for gas emboli formation. Other models have also accepted these 
nucleation sites as the birthplace of gas emboli or the precursors of decompression sickness. The 
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population balance model for decompression sickness (PBMDS) is an example of such a model 
(5). 
 Activation of these nucleation sites caused by sound stimuli has also been theorized. This 
could be an important method of either forming vascular bubbles for embolotherapy or for 
perhaps inhibiting the growth of gas emboli. Embolotherapy is the recent theory that controlled 
gas emboli in the bloodstream can occlude vessels and kill cancerous tumors by cutting off their 
blood supply. Although many ultrasound diagnostics have been used on many patients, there 
have been no experiences of decompression sickness or any such emboli occurrence. This is 
significant because the acoustic amplitudes are in excess of that required for bubble growth 
(cavitation). The possible explanation for this could be that the nucleation sites are either missing 
or simply not active. However, studies of changes in marine mammal behavior have provoked 
the theory that navy sonar and acoustic signals may cause behavioral anomalies; the marine 
mammals’ frequent dives cause the local levels of gas supersaturation. Experiments involving 
stimuli to create emboli are interesting, but offer no immediate use. The first step in attempting 
to control and utilize gas emboli is to understand the complex dynamics that take place in the 
microvasculature. 
 A study by Crum et al. (6) explored the potential for bubble growth in ex vivo blood, liver 
and kidneys. Nucleation only occurred in supersaturated tissues and blood, and the samples had 
undergone a compression-decompression sequence. The frequencies at which the nucleation 
occurred were higher than those used in sonar systems; however, the physics of bubble growth 
for those frequencies are not different. The authors conclude that the acoustic signals interfere 
with previously stabilized microbubbles, causing the stabilizing mechanisms to fail and then the 
local supersaturation of body fluids causes the growth of bubbles by diffusion. How these 
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stabilizing mechanisms become affected has yet to be understood. Eckmann et al. (7) has 
investigated surfactants as a possible bubble stabilization mechanism; however, the results 
cannot be extrapolated to many situations besides the experimental settings. Surfactants are an 
interesting element in bubble dynamics and there are many different fluids that can act as a 
surfactant, however, blood borne particles will interfere with the surfactant, making repeatable 
experiments difficult to perform.  
Bubble Detachment 
 The detachment of bubbles from these nucleation sites is also a mechanism that needs to 
be investigated. The bubble will continue to grow if stabilized in the bloodstream due to the 
dissolved gas in the blood. This is the type of gas embolism that can cause problems if it grows 
to a size that can block a blood vessel. These types of bubbles are especially dangerous in the 
arterial microcirculation due to the progressively narrowing vasculature.  
 Chappel, Uzel and Payne (8) have devised a mathematical model for detachment of gas 
plugs in the circulation from their previous nucleation site creation model. This is a simple model 
to establish whether vessel occlusion from bubbles nucleated on the vessel walls should be a 
serious concern under typical physiological conditions. The bubble is assumed to emerge into the 
blood from a cavity with a circular mouth (as in the previous model). The bubble is also assumed 
to remain spherical after detachment, until it reaches a radius .9 of the vessel wall. Also the 
ambient pressure is assumed to be constant, since the growth is assumed after decompression.  
The process is divided into two parts, deformation and detachment.  As the bubble grows beyond 
the crevice it experiences a drag force from the blood flow. The bubble detaches when the drag 
force exceeds the capillary force. The capillary force is a force parallel to the drag force. Once it 
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detaches the bubble begins to slide along the vessel wall at the same speed as the blood flow 
velocity.  
This work only calculates at what point a bubble will reach a size that could detach and 
block a vessel, although the blocking process has not been considered in any detail. This would 
require modeling how the bubble affects the blood flow in the vessel and any changes in the 
vessel wall itself. Additionally the variation in pressure over the surface of the bubble due to the 
Bernoulli Effect as the bubble emerges into the flow has been neglected.  Also, the pressure 
difference between the bubble and blood will vary along the length of the capillary. The blood is 
assumed to be a simple homogenous, Newtonian fluid. However, blood cells are of similar size 
to the bubble being considered and hence their passing could significantly interfere with the 
bubble detachment. This model shows that the bubbles formed do interact with the flow field and 
can easily lead to blockage of flow under certain, physiologically reasonable conditions. The 
transport of bubbles once in the flow will be the focus of our experiment, an element which has 
been ignored in this mathematical model.  
Bubble Behavior in the Bloodstream 
 Once bubbles have been formed and are flowing through the bloodstream it is crucial to 
understand their behavior. This involves many different mechanisms including bubble residence 
times, stabilization, adhesion forces, diffusion and absorption dynamics. Since many of these 
elements are difficult to control, many studies eliminate or ignore some or all of the others, 
facilitating the ability to study a single mechanism.  
 The stabilization of these bubbles needs to be addressed first, as the microscopic bubble 
needs to be destabilized in order to grow and cause damaging macroscopic bubbles. Liew and 
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Raychaudhuri (9) have developed a study to establish stabilization limits, and to provide 
conceptual framework for comparison of bubbles stabilized by different mechanisms. Some of 
these bubbles are small enough to travel through capillary beds and could be stabilized by 
mechanisms that allow the bubble to persist longer than a normal bubble. If changes in the 
environment, such as significant pressure changes, cause the bubbles to become destabilized, 
they can collapse or grow into larger, damaging gas emboli.  
 The study utilized a few key assumptions, namely that stabilization does not imply a 
fixed or rigid bubble structure. This assumption is supported by the evidence that a bubble 
stabilized by an albumin coating decreased in size when pressure was applied and then returned 
to the initial size when the pressure was released. The next assumption is that the stabilizing 
mechanism could reach some critical level and collapse or rupture due to overexpansion.  Other 
studies have proposed that stabilized bubbles are impermeable to gas diffusion; however, this 
study theorizes that diffusive gas exchanges will occur due to gas pressure differences inside and 
outside of the bubble. The authors explain that a single layer of molecules is unlikely to prevent 
gas diffusion, even if densely packed. The study simplifies the bubbles and assumes a spherical 
size, which allows the bubbles to be related by radius. This and other assumptions make this 
study only approximate; however, the goal is to understand basic stabilization limits. 
 The results of this study show that irreversible growth of a bubble can occur. The growth 
of a bubble is caused when the sum of all hydrostatic and partial pressures is negative, and acting 
in the same direction as the stabilizing mechanism. When the pressure is negative enough, a 
previously stabilized bubble grows into a relatively large, unstable bubble, which is exactly the 
kind that causes damage to the body. When the small bubble is in an environment that causes 
growth, there is a positive feedback loop, where the increased radius causes a decrease in 
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pressure. This in turn reduces surface tension and causes a surface area positive feedback loop, 
both of which encourage growth. This study also supports that large, unstable damaging 
macroscopic bubbles may form from previously stabilized microscopic bubbles.  
 The adhesion forces between the bubble and vessel wall is another important factor to 
consider when investigating bubble occlusion. Suzuki and Eckmann (10) conducted experiments 
to measure the adhesion force of bubbles contacting the vessel wall. They hypothesized that 
interactions between blood borne macromolecules adsorbed to the bubble surface and the 
endothelial surface lead to the development of an adhesion force causing embolism bubbles to 
lodge within the vasculature. 
 The experimental setup included dissecting rat arteries and mounting them into a system 
which included a pressure servo, pressure transducer, microscope and video monitor. 
Microbubbles were injected into the excised arterioles as shown in Figure 3. Bubble residence 
times were controlled at either 5, 10, 20 or 30 minutes. The endothelium was either intact or 
damaged to simulate a severe circumstance of vascular injury. This allowed for the role of the 
endothelium in adhesion to be explored. The fluid used was a physiological saline solution by 
itself, or with a 5% bovine serum albumin or rat serum as the perforate. After the bubble was 
lodged, inflow pressure was increased until the bubble was dislodged. The pressure drop across 
the bubble was recorded at the time of movement. Bubble geometry, diameter and length, were 
also measured by video microscopy. The authors used these data to calculate the adhesion force 
per unit surface area for each experiment. 
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Figure 3: Pictures of a Gas Embolism in Excised Rat Artery (10) 
 
 The authors concluded that the adhesion force is affected by residence time, presence of 
endothelium, and perfusate solution. This work also formulates a force balance equation: 
pressure and viscous drag balanced by contact line adhesion, surface adhesion, and buoyancy 
force. If a horizontal vessel is considered with blood flow obstruction – zero velocity – the 
reduced equation sufficiently parallels the adhesion biomechanics of in vivo gas embolization to 
permit quantification of the adhesion parameter K. The value K (the adhesion force per unit 
surface area) was higher for the 10 minute residence time than the others. The damaged 
endothelium reduced K at 10 minutes and the bovine serum increased the K value for 10 
minutes.  
This work demonstrates that very small bubbles (less than 100nl) can persist for minutes 
or hours, causing microcirculatory units to lose blood flow. This study examined the adhesion 
characteristics of small 2-3 nanoliter bubbles over a large range of residence times. Another 
discovery was that the K value was not zero in the absence of protein, indicating that adhesion 
still occurred. The authors proposed that hydrophobic surface elements attached to the surface 
wall onto an otherwise clean bubble surface. The study allows for the interpretation of the 
mechanical basis of adhesion so that therapeutic strategies can be hypothesized. The physics of 
bubble arrest within the vasculature will depend on the formation and breakage of adhesion 
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between the bubble and the vessel wall. The study demonstrates that alterations in the vessel 
resulting from gas emboli may be the result of traumatic mechanical disruption of endothelial 
surface elements forming adhesion. It is important to incorporate the role of endothelial 
mechanisms in bubble adhesion, whether damaged or not. 
Various models have shown that long bubbles with spherical end caps are the most likely 
to cause occlusion in blood vessels. Several researchers have entertained the idea that as we learn 
more and more about these gas emboli, it is possible to find positive benefits from them; 
Calderon et al. (11) set out to determine the feasibility of using gas emboli to treat cancer. By 
directing the bubbles to the vasculature of a tumor, they can occlude blood flow and cause local 
tissue necrosis. It has been shown that 78% of the tumor needs to be killed in order for the entire 
tumor to cease functioning. The injected bubble’s motion can be tracked by low intensity 
ultrasound, and then vaporized at the desired site by high intensity ultrasound. After the bubble is 
vaporized into smaller bubbles at the correct location, they can clog the vasculature of the tumor 
and essentially starve it of fresh blood supply.  
Calderon experimentally examined the travel of bubbles through a bifurcating tube and 
determined the effect of flow rate, gravity, and roll angle on the splitting of bubbles at junctions 
of controlled angles. Bubbles travelled down a single parent tube, and initially come across 2 
daughter tubes set at angles of 78 degrees (based on physiological angles). After the first 
junction, the 2 bubbles then come in contact with another 2 daughter tubes set at 78 degrees 
again. Bubble splitting at each junction was monitored by video cameras and then converted to 
snap shot slide shows for analysis. Flow rates and Reynolds numbers, as well as other properties 
were all chosen to match the non dimensional values of the body to closely mimic physiological 
behaviors. The experimental apparatus consists of 2 plates with semicircular tubes machined into 
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them. The 2 halves are then bolted together using 54 bolts all tightened to the same value to 
create a perfect match, shown in Figure 4. 
 
 
Figure 4: Bubbles Shown Entering Bifurcating Tubes (11) 
It was determined that at low flow rates, gravity had the main effect on the splitting, as 
most of the bubbles went entirely to the upper tube and did not split. This experiment used 
Reynolds numbers of 1.33, 1.77, 2.21, 4.42, and 6.63. Higher flow rates created more even 
splitting between the upper and lower tubes. Roll angle is defined as the angle between the axis 
of the parent tube and the horizontal. Roll angles of 15°, 30°, and 45° were used to examine 
gravitational effect on splitting. It was found that as the roll angle increased, the splitting ratio 
decreased, as more of the bubble travels to the upper half of the tube due to buoyancy. Also, at 
low flow rates the bubble not only travelled into the upper half of the first daughter tube, but also 
into the upper half of the second daughter tube, and exited the flow due to the buoyancy force. 
As the bubbles stuck in the tubes, it was discovered that both the menisci are in the same 
direction, thus surface tension at both the front and rear menisci oppose the flow and so the 
bubble can stick in place.   
Limitations of this experiment include the fact that the fluid characteristics of water do 
not exactly mimic blood, and also the fluid channels do not exactly mimic arterioles, which are 
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lined with endothelial cells. This experiment merely intended to provide insights into the 
governing fluid mechanics. Also, true blood vessels are rarely perfectly symmetrical, and 
suggested future research could assess the sensitivity of bubble splitting to minor asymmetries, 
which are more like what is found inside the body. This is a repeatable type of experiment, 
which could closely mimic the actual microcirculation in question. This type of experiment is 
needed, as actual vessels from rats or other animals are never truly identical and therefore it can 
be difficult to obtain relatable and conclusive data. 
Branger and Eckmann (12) devised a study with the intentions to study intravascular gas 
embolisms (IGE) associated with cardiopulmonary bypass surgery. They developed a 
mathematical model to predict the absorption time of IGE, accounting for bubble geometry 
observed in vivo. Bubbles were modeled as cylinders with spherical end caps. They solved for 
the governing gas transport equations numerically. The theoretical model closely predicted actual 
absorption times for the experimental IGE. This model was much more accurate than models 
using only spherical bubbles. 
 Preliminary experiments of injecting small volumes of air into rat circulation revealed 
that the bubbles form cylindrical shapes rather than spheres. Key assumptions include rapid 
equilibrium of the metabolic gases O2 and CO2 and water vapor between the bubble and the 
tissue. This leaves N2 as the principal inert gas for diffusion. As shown from the preliminary 
studies, the diameter of the vessels remained essentially constant over the course of the gas 
absorption. Therefore, spherical end cap interfacial shape and the internal pressure within the 
bubble remain constant. The elastic force exerted by the vessel wall on the embolism and the 
effect of hydrostatic head of blood pressure are both neglected.  
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 Essentially, a microscope, high res camera, video micrometer, and other equipment was 
connected to the rat. The embolism is entrapped air at 37 degrees Celsius, and the patient is 
breathing a common post operation mixture at atmospheric pressure. They injected air bubbles 
through each leg of the rat in the femoral artery directly into circulation. They used a variety of 
bubble sizes and tracked the movement and lodging-dislodging of the embolism; such a bubble is 
shown in Figure 5.  Bubble dimensions were measured every 20 seconds, by which the volume 
was calculated. Only bubbles between 1 and 6 nanoliters were examined. Bubbles entering non-
uniform vessels and bubbles with changing conformation were ignored. No two bubbles had the 
same initial length or radius. Calculating the initial radius, the computer simulation calculated 
the absorption times.  
 
Figure 5: Air Bubble Stuck in Rat Arteriole (12) 
 
 Bubble movement was described as “stick and slip” referring to the bubbles’ inconsistent 
speed and the tendency of becoming trapped and dislodging several times.  The authors’ model 
calculated longer absorption times than those measured experimentally. Each bubble geometry 
gave a unique volume versus time curve. Initial surface areas versus absorption time curves are 
nearly linear. 
 Air emboli observed always remained in the arterial circulation until complete 
absorption. The stick and slip movement observed indicates implications of interfacial 
interactions between physiological components. Proteins have been observed at the blood bubble 
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interface in vivo, along with other air blood vessel interface that affect interfacial mechanics.  
Although this model more accurately predicted absorption times, these times were 
underestimated. This may be due to the blood borne matter that absorbs to the bubble interface, 
which could potentially inhibit gas diffusion and prolongs bubble absorption.   
 An extremely important factor in determining absorption time is the aspect ratio. The 
theoretical model suggests that an aspect ratio value 2.6 results in a maximum absorption time. 
The results from this experiment can be useful to estimate the bounds of residence time of 
bubbles found entrapped in cerebral circulation. Spherical bubbles may have minimal absorption 
times, but bubbles remaining close to spherical shape will have a greater diameter, maybe 
causing blockage to a larger artery. This model shows the importance of bubble geometry when 
residence times of these emboli are concerned. However, the experiment does not vary air 
temperature and assumes normal blood gases at sea level at 37 degrees.   
 
Materials and Methods 
Design of Test Block 
 To accurately test the way bubbles will divide through a real circulatory system, an 
accurate model that reflects the structure of the human cardiovascular system was created. 
 In order to correctly scale up the microvasculature, relevant dimensionless parameters 
needed to be matched with the physiological parameters. The parameters here are Reynolds, 
Capillary, and Bond numbers; see Appendix B for calculations. Reynolds number relates the 
flow of blood through the vessels and ranges from 4.3x10
-3 
to 7.2 for arteries and 0.03 to 1.0 for 
arterioles (13) (11). For this experiment, Reynolds numbers of 1, 3, and 5 were chosen as they 
represented a variety of flow rates. Since the Reynolds number is known, as well as the diameter 
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of the parent tube, viscosity and density, we can calculate the velocities of the fluid for each of 
the Reynolds number. The next step was to calculate capillary numbers for all three of the flows. 
The capillary number is a dimensionless ratio of viscous forces to surface tension forces. The 
capillary numbers for arteries lie between 1.9x10
-3
 and 1.8x10
-2 
and between 4.9x10
-3
 and 
6.5x10
-4 
for arterioles (13) (11). When using water and air as the fluid and gas for this 
experiment, the parameters are consistently off by magnitudes of 10 or more.  
When examining which fluid property to change, it became apparent that viscosity is the 
only property that will significantly vary from fluid to fluid, rather than density or surface 
tension. The problem with these parameters is that viscosity lies in the denominator for Reynolds 
number and in the numerator for capillary numbers. In order to accomplish accurate matching of 
parameters, calculations with assumed values of density and surface tension showed the balance 
of viscosity to other properties to more accurately model the micro-vessel system; see Appendix 
A. It was determined that a fluid 10 times more viscous than water was needed to balance the 
equations. After searching for fluids that matched this viscosity, a glycerol and water solution 
was chosen  (14).  A surface tension of .064
𝑁
𝑚
 for this fluid also worked well for the equations 
(15) as well as the density (16). A mixture of 60% glycerol and 40% water yielded a viscosity of 
0.0108 N-s/m
2 
as opposed to the .00101 N-s/m
2
 with a surface tension of .072
𝑁
𝑚
. These new fluid 
properties yielded different flow velocities, but the Reynolds numbers of 1, 3, and 5 did not 
change as we chose them from the start.   
 The capillary numbers for Reynolds numbers of 1, 3, and 5 are now 5.5x10
-4
, 1.7x10
-3
, 
and 2.8x10
-3
, respectfully. The addition of the glycerol fluid yielded much more accurate 
dimensionless parameters for our scaling factors. The Bond number is another parameter to 
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consider. The Bond number is an indicator of relative magnitude of forces due to gravity and 
surface tension. The Bond number can be modified for roll angles by simply multiplying the 
Bond number by the sin of the angle the system is tilted to. Bond numbers for arteries fall within 
2.2x10
-2 
and 9.3 and arterioles fall within 2.8x10
-4 
and 2.0x10
-3
 (11) (13). The Bond number for 
this experiment’s tube diameters, fluid density and surface tension is 1.44. This does not model 
the arterioles as many of the other parameters do; however with our design this is unavoidable 
and the parameter does match the parameters for arteries. 
To model the arteriole branching, a test block was created. The block is made from .25” 
thick Poly(methyl methacrylate) (PMMA) cut to 6” X 6” squares. The block has an entrance tube 
which splits into 2 daughter tubes, which each split into 2 more daughter tubes. The tubes taper 
in diameter to further resemble microvasculature; the first and second generation daughter tubes 
reduce by 66% and 75% respectively (13). The true physiological value is an average reduction 
of 78% from branch to branch, however to simplify machining the current values were chosen. 
The parent tube has a 1/8” (3.2mm) diameter, the first set of daughter tubes are 1/12” (2.1mm) 
diameter, and the final set of daughter tubes are 1/16” (1.6mm) in diameter. Also, the angle 
between the daughter tubes is 78°, which matches typical physiological properties of the 
circulatory system (11).  
 The block consists of two halves; each mirror images of each other. The two halves are 
secured together with 46 #6 and 8 #4 machine screws, all evenly spaced with their respective flat 
washers to provide an even pressure gradient across the edges of the channels. This provides a 
good seal between the two halves without the need for adhesives or sealants which would cloud 
the view of the tubes and possibly clog the machined channels. Also, the outlets at the edges of 
the block were drilled to a diameter slightly smaller than the outside diameter of the Tygon 
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tubing, allowing for a press fit seal. A SolidWorks model was created and subsequent technical 
drawings were created and submitted to the machine shop here at Worcester Polytechnic Institute 
for production, shown here in Figures 6 and 7.  
 
Figure 6: Test Block Top View 
 
 
Figure 7: Isometric View of Test Block 
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Test Bench 
 
 To add another experimental parameter to the project, a test bench was created. The 
bench is a box that is missing two sides. The test block is secured to the test bench so it can 
rotate along with it. The bench is made of ¾” plywood and has a top that rotates about a central 
axis. The sides of the box also have holes drilled at angles of 15°, 30°, and 45° from horizontal. 
Pins are used to lock the top of the bench to the sides at these angles. This will allow the 
experiment to analyze roll angle influence on the bubble splitting. A Solidworks model of the 
bench is shown below in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Test Block 
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Experimental Setup 
  
 First, a flow system was created in order to carry out this experiment. The source of 
pressure for the system is a reservoir that is raised above the level of the test bench. A 
gravitational pump was chosen because it is reliable and provides a constant level of pressure, 
which is very important for this experiment. Since the necessary flow rates are so small the 
difference in height between the block and reservoir would have been on the order of 
millimeters; see Appendix C. So, a needle valve was integrated into the system to accurately 
control the flow rates. This allows for the reservoir to be raised to some arbitrary height and 
allows the needle valve to control the flow rate. The components of the flow system are all 
connected with 1/8” Tygon tubing.   
 The method of bubble injection proved to be one of the more difficult obstacles to 
overcome. The difficulty is the injection of the bubble into the stream, as any piercing of the 
tubing would create a hole through which subsequent air bubbles can enter the flow and skew the 
data. Most experiments in this field utilize a microliter syringe pump to repeatedly release a 
bubble of the correct size; however they are far above the budget set for this project. One 
approach that was considered involved replacing the small section of tubing that was pierced 
after each test run. This idea was abandoned due to the waste of materials and time between each 
run. Research into the medical field of injection was conducted and it was decided that an 
intravenous system would be the best approach for bubble injection. The IV systems have Y 
ports that allow for the injection of medications through a side port while continuing the drip of 
the controlled solution through the system. Still, piercing the Y port more than one time would 
create the same small holes and allow for extra air bubbles to enter the system, and so needleless 
IV systems were considered. These are fairly new to the medical field, but they are gaining 
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popularity in hospitals due to their superior ease of use and safety when compared to the old 
style of IV injection. Needleless IV systems still contain a Y port injection site just as the regular 
IV system, the port has a male threaded connection, and the syringe has a female threaded 
connection at the tip. The port has a seal that is depressed and moved to the side when pushed in 
by the syringe, and returns to its original place to seal the port closed after the syringe is 
removed. This system was chosen as the optimal apparatus for the experiment since there is no 
piercing and multiple bubbles may be injected without damaging the seal in the port. A syringe 
of 10cc was used to flush the system and inject the air bubbles. 
 The primary reservoir was filled with the glycol/water mixture and flowed downward 
through the needle valve to regulate the flow rate. After the valve the Y port from the IV system 
is inserted in line, and the flow enters the parent channel of the test block. After it splits through 
the channels and through the daughter tubes, the four exits channel to a secondary reservoir 
where the fluid is collected for reuse in the primary reservoir.  
 Another important issue that was dealt with in the setup was ensuring even pressures at 
the exit tubes. If there were slight pressure differentials between the tubes the splitting ratios 
would have been affected. To overcome this problem the exit tubes were all cut to the same 
length and submerged in the secondary reservoir. Also, the exit tubes were secured to the test 
bench at equal distances from the test block, ensuring that all tubes were in the same plane.   
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Methods and Procedures 
 
 First the flow rate was calibrated to ensure the proper Reynolds number was attained. To 
achieve this, a scale measuring within 1 hundredth of a gram was utilized to measure the mass 
flow rate before each test. By obtaining the mass flow rate the Reynolds number was calculated 
and the valve was adjusted accordingly. The tube exiting the valve was then connected to the test 
block and the channels were flooded. The flow rates were too small to purge all air bubbles in 
the tubes, so the twist port syringe was filled with the fluid and injected at high pressure to clear 
all air emboli and create steady pressures throughout the block. 
 After the fluid flow rate was established with the needle valve, the block was purged, and 
all connections were checked for leakage, the system was ready to have an air bubble injected 
into it. The first set of data studied the roll angle of 0° and the Reynolds number of 1. The 
experiment was conducted at least 5 times to get statistically significant data. After the first set of 
data was collected, the tube feeding the parent channel was disconnected and the needle valve 
was calibrated to the next flow rate with a Reynolds number of 3. The 5 tests were completed, 
and the same process was repeated for Reynolds number of 5. The same process was repeated at 
roll angles of 15°, 30°, and 45° and Reynolds numbers of 1, 3, and 5. At certain points bubbles 
began accumulating in the tubes leading to the reservoir tank, which created pressure 
differentials which seriously affected the results. Careful examination of all tubing throughout 
the system was necessary prior to each test. If channels became occluded or significantly slowed 
due to the bubbles, the syringe was filled with fluid and injected into the system to push the 
bubbles through and clear the channels and exit tubes. This procedure was required quite 
frequently before a stabilized system could be established.  
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Results 
 
All tests were captured on a video camera placed perpendicular to the test bench. From 
the live footage various still frames and additional photographs were taken at different points 
throughout the experiments and analyzed by determining bubble volume ratios between each 
bifurcation. The ratio seen in this experiment is always the volume of the lower bifurcation vs. 
the upper bifurcation. Volume was calculated by measuring the length of the bubbles on a large 
screen, and calibrating those measurements with the 1/8” scale placed behind the block. This data 
was entered into Microsoft Excel to determine the ratios and create graphs of the data.  
When the results were compiled they showed that flow rate, roll angle, and bubble 
geometry impacted splitting ratios. At the roll angle of 0° nearly even splitting at each 
bifurcation was observed at all flow rates, showing that when gravity is not a factor, flow rate 
has nearly zero effect on the splitting. However, as the roll angle was increased to 15° the ratio 
dropped as more of the bubble travelled to the upper bifurcation. This was expected as the 
bubble is forced upward due to its buoyancy. The effect was more pronounced at lower Reynolds 
numbers due to there being less inertia in the horizontal direction, allowing the bubble to float 
upwards. The relationship between Reynolds number and roll angle can be seen below. Each dot 
is the average of the 5 tests at each flow rate and roll angle. Exponential trendlines were added to 
illustrate the general behavior of the splitting between the lower and upper channels. 
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Figure 9: Average Splitting Ratio Between all Bifurcations 
It is shown that as the roll angle increases further to 30° and 45°, the effect of gravity becomes 
more pronounced. The higher flow rates with Reynolds numbers of 3 and 5 have more even 
splitting of bubbles, however the splitting is never even. Also the ratio drops dramatically for 
Reynolds number of 1 which is typically seen in arterioles and capillaries.  
 Not only is it important to examine the overall splitting ratios, but the individual 
bifurcations must be evaluated in detail. Seen below is the bubble behavior at the first junction 
leading into the first generation daughter tubes at all Reynolds numbers and roll angles. The 
individual shapes represent the average ratio at the corresponding Reynolds number and roll 
angle. The vertical bars represent the error within three standard deviations. The sources of error 
are discussed in the following section. It is seen that at the roll angle of 0°, splitting was almost 
perfectly 1 across the first bifurcation at all flow rates. Then, as roll angle increased, the average 
ratio decreased across all flow rates, demonstrating the effect of gravity. At the Reynolds number 
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of 1 at 45° the splitting approaches 0, meaning the bubble comes close to entirely entering the 
upper half of the test block.  
 
Figure 10: First Generation Bubble Splitting Behavior 
 Next, the upper of the second bifurcations will be analyzed. A similar trend of bubbles 
entering the upper of the bifurcations is seen. At the Reynolds number of 1 even splitting is seen, 
and the ratio continues to drop as the angle is increased to 45°.  It can be seen that at higher flow 
rates there is more pressure pushing the bubble into the lower daughter tube as there is a larger 
horizontal component of force at the junction. This helps to drive the bubble into the lower tube, 
however, gravity still overcomes and forces the ratio to drop below 1.This graph takes the upper 
daughter tube of the primary bifurcation to be the new parent tube, and compares the entering 
volume to the exiting volume.  
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Figure 11: Splitting Ratio in the Upper Bifurcation 
 Now the lower bifurcation will be analyzed. As was stated, at high roll angles very little 
of the initial bubble entered this bifurcation, and what little there was consistently passed into the 
upper daughter tube. At this bifurcation the bubble not only had gravity helping it into the upper 
tube, but it also had the higher flow force pushing it into the upper half. This can be seen below 
in figure 12. At Reynolds number 1 there was already very little of the bubble entering the 
bifurcation. Still, as flow rates increased the bubble was less influenced to solely enter the upper 
half and so splitting behavior became more even.  
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Figure 12: Splitting Ratio in the Lower Bifurcation 
 Average splitting ratio across all bifurcations at all flow rates is seen below in Figure 13. 
This graph averaged the data from all three bifurcations at all flow rates and roll angles to 
provide a clear picture about bubble behavior at all Reynolds numbers and angles.  
 
Figure 13: Average Splitting Ratio at All Three Bifurcations 
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Discussion and Conclusion 
 
 After all of the tests were completed it was determined that both flow rate and gravity 
played a significant role in the bubble splitting and behavior through the bifurcations. As shown 
in Figures 14, 15, 16, when the test block is level, all flow rates show a nearly even split. For the 
figures in this section, the scale behind the test block was removed to obtain better quality 
pictures. These figures show a Reynolds number of 1; however, higher flow rates illustrated 
similar splitting.  
 
 
Figure 14: Reynolds of 1; 0 Degree Roll Angle 
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Figure 15: Reynolds of 1; 0 Degree Roll Angle (2) 
 
 
Figure 16: Reynolds of 1; 0 Degree Roll Angle (3) 
 As roll angle was increased to 15 degrees, a distinct difference was observed in bubble 
behavior. The bubble now had a gravitational force impacting it; which drove more of the bubble 
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into the upward bifurcations. This indicates that the gravitational force had more of an influence 
than the flow rate. This is showed in figures 17, 18, 19. As seen in Figure 19, the higher flow 
rates do impact the splitting behavior, but the ratios indicate that gravity has a greater effect. 
Similar splitting occurs through the daughter tubes as well, with a greater portion of the bubble 
travelling into the upper channel. 
 
Figure 17: Reynolds of 1; Roll Angle of 15 Degrees 
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Figure 18: Reynolds of 3; Roll Angle of 15 Degrees 
 
 
Figure 19: Reynolds of 5; Roll Angle of 15 Degrees 
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The most extreme roll angle tested definitively shows the intense effects of gravity, as seen in 
Figures 20, 21, 22. This is characterized by a large volume of the bubble travelling into upper 
bifurcations.  
 
Figure 20: Reynolds of 1; Roll Angle of 45 Degrees 
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Figure 21: Reynolds of 3; Roll Angle of 45 Degrees 
 
 
Figure 22: Reynolds of 5; Roll Angle of 45 Degrees 
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 In summary, the results indicated that Reynolds number and roll angle had an impact on 
the behavior of the bubbles at the bifurcations. Obviously, the bubble’s buoyancy drove it to the 
upper bifurcations; and the magnitude was determined and shown in the previous graphs. Bubble 
geometry also had an effect on the splitting; the smaller bubbles tended to entirely enter upper 
tubes at low flow rates at increasing roll angles. For this reason, larger bubbles were utilized to 
exaggerate the splitting behavior and facilitate more accurate measurement. Increased flow rates 
at all roll angles resulted in more even splitting through the bifurcations; however, it was shown 
that gravity has more of impact on behavior than flow rate.  
 These results would indicate that bubbles in the microvasculature tend to flow upwards as 
these vessels have a Reynolds number of 1 or lower, which is modeled here. Despite the fact that 
this test block mimics physiological parameters, it cannot imitate the vessels flexibility or the 
body’s ability to regulate pressures and diameters in the vasculature. The PMMA is not 
comparable to the surface of a blood vessel, which is lined with endothelial cells, creating 
different adhesion forces between the solid-liquid-gas interface. Also, small machining 
asymmetries between the top and bottom channels along with surface imperfections are a source 
of error, but the vasculature itself is not perfectly symmetrical or free of imperfections either. 
Although inconsistencies exist between the model and body, the transport and behavior of the 
bubbles through these bifurcations should be a good measure of actual behavior in the 
microvasculature.  
 Future research into this field could address bubble formation and occlusion. Little 
experimentation has been done in the area of bubble formation, which consists mostly of 
mathematical models and theory. These experiments would require a model which more closely 
mimics cellular components and interactions at the vessel wall. To improve this project design, a 
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more accurate and consistent bubble introduction system would be beneficial. This could include 
a study which closely examines critical bubble volume for occlusion of a vessel. Although 
bubble occlusion was observed only at roll angles of 30° and 45º, this experiment did not 
quantify this type of behavior. It was observed that once a channel had been occluded, the flow 
was entirely directed to the other channels, resulting in an increased velocity to unblocked 
channels. A Bernoulli Effect was seen when low splitting ratios occurred and a small bubble 
occluded the lower channel. The increased fluid velocity into the top channel created a pressure 
differential and caused the small bubble in the lower channel to retract and enter the flow into the 
upper channel. This is a valuable area of study as it may be able to address various medical 
issues pertaining to bubbles in the bloodstream. Concerning cancer treatment, it is crucial to 
understand how a single occlusion can affect the behavior of other bubbles in the local 
vasculature. This experiment showed that gravity has a predominant effect on bubble splitting 
and transport through vasculature, and is important to take into account when dealing with 
arterial gas emboli, whether induced for cancer treatment or inadvertently created by pressure 
differentials experienced by divers.  
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Appendices 
Appendix A: Viscosity Measurement and Calculation 
For the measurement, we used a small metal sphere dropped into a tube of the liquid to determine the 
velocity, from which we calculated the viscosity. We determined the density of the sphere by measuring 
radius which yielded the volume, then we used a scale to determine mass, then found density from that. 
The same method was used to obtain the density of the fluid. 
𝐹𝑑  =  𝜋 ×
𝑑3
6
× 𝑔 ×  𝜌𝑠 − 𝜌𝑓  
𝐹𝑑  = 3 ×  𝜋 × 𝜇 × 𝑉𝑠 × 𝑑 
𝜇 =  
𝑑2
18
× 𝑔 ×  𝜌𝑠 − 𝜌𝑓 ×
𝑡
𝑕
 
 
d= diameter sphere = 2.438x10-3m 
g= acceleration due to gravity = 9.81 
𝑚
𝑠2
 
 𝜌𝑠 − 𝜌𝑓 = 2635.5 – 1143 = 1492.5 
t = .52 sec 
h = .235m 
 
𝛍 = .0107 
𝒌𝒈
𝒔∙𝒎
= 
𝑵∙𝒔
𝒎𝟐
 
 
Appendix B: Dimensionless Parameters 
Reynolds numbers 
 
Re =  
(U × Dp × ρ)
μ
 
U =  Re Dp × ρ
μ
  
U = variable 
Dp =  .002858m 
ρ = 1143 
kg
m3
 
μ =  .0107 
N ∙ s
m2
 
For: 
Re of 1: U = 3.27514x10-3 =>  3.3x10-3 m/s 
Re of 3: U = 9.82544x10-3 =>  9.8x10-3 m/s 
Re of 5: U = 16.3757x10-3  =>  16.4 x10-3 m/s 
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Capillary Numbers 
 
Ca =  
μ × U
σ
 
 
𝜍 =  .064 
𝑁
𝑚
 
 
 
 
For: 
Re of 1: U = 3.27514x10-3 =>  Ca = 5.5268x10-4 
Re of 3: U = 9.82544x10-3 =>  Ca = 1.6580x10-3 
Re of 5: U = 16.3757x10-3  =>  Ca = 2.7633x10-3 
 
 
Bond Number 
 
Bo =  
Δρ × g × Dp
2
σ
 
 
Δρ =  ρfluid  −  ρair   
ρfluid   = 1143 
kg
m3
 
ρair  =  1.2 
kg
m3
 
g = 9.81 
𝑚
𝑠2
 
 
Bo = 1.44 
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Appendix C: Gravity Driven Flow System 
 
 
 
 
h1  =  (
P1
ρ
+ α1 ×
V1
2
2
+ g × z1) − (
P2
ρ
+ α2 ×
V2
2
2
+ g × z2 
 
h1 = f ×
L
D
×
V2
2
2
 
 
h1 = K ×
V2
2
2
 
 
If:  
 P1 = P2 =Patm   V2 ≅ 0  V2 = V 
 α2 = 1.0  Z2 = 0     =>   Z1 = d 
 
Then: 
 𝑔 × 𝑑 −  
V2
2
2
=  f ×
L
D
×
V2
2
2
 + (K ×
V2
2
2
) 
 
𝑑 =  
1
𝑔
×  (f ×
L
D
×
V2
2
) + (K ×
V2
2
) +  
V2
2
  
 
d =
V2
2g
 (f ×
L
D
) + K + 1  
 
D = .002858m (average diameter of first tube) 
 
f= 
64
𝑅𝑒
 (laminar flow) = 
64
5
 (largest flow rate needed) = 12.8 
L= .4415m (total length of all branched of tubing + 6 inches of lead tube) 
V= 16.4x10-3 
𝑚
𝑠
 (From Reynolds Number calculation) 
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g= 9.81 
𝑚
𝑠2
 
K = .5 (minor loss coefficient for square edges) 
 
d (required to maintain highest flow)= .02712m  
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